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Abstract

Gastrointestinal stromal tumors (GISTs), the most common mesenchy-
mal tumors of the digestive tract, are believed to arise from theinter stitial
cells of Cajal. GISTs are characterized by mutations in the proto-onco-
gene KIT that lead to constitutive activation of itstyrosine kinase activity.
The tyrosine kinase inhibitor ST1571, active against the BCR-ABL fusion
protein in chronic myeloid leukemia, was recently shown to be highly
effective in GISTs. We used 13,826-element cDNA microarrays to define
the expression patterns of 13 KIT mutation-positive GI STs and compared
them with the expression profiles of a group of spindle cell tumors from
locations outside the gastrointestinal tract. Our results showed a remark-
ably distinct and uniform expression profile for all of the GISTs. In
particular, hierarchical clustering of a subset of 113 cDNAs placed all of
the GIST samplesinto one branch, with a Pearson correlation >0.91. This
homogeneity suggests that the molecular pathogenesis of a GIST results
from expansion of a clonethat hasacquired an activating mutation in KIT
without the extreme genetic instability found in the common epithelial
cancers. Theresults provide insight into the histogenesis of GIST and the
clinical behavior of this therapeutically responsive tumor.

Introduction

GISTS? are the most common mesenchymal tumors of the digestive
tract and are characterized by expression of KIT (stem cell factor
receptor, or CD117; for reviews see Refs. 1, 2). The clinical spectrum
varies from benign solitary tumors to abdomina spread with multiple
tumors and liver metastases. GISTs have been suggested to originate
from the ICC or from a stem cell differentiating toward an ICC
phenotype (3). ICCs form a cellular network with pacemaker activity
inthe gut, and KIT expression is essential for the normal development
of thisnetwork (2). CD34, amarker expressed in ~70% of GISTSs, can
also be found in mesenchymal cells within the gut wall (1, 2). A large
proportion of GISTs are characterized by mutations in the KIT gene,
predominantly in exon 11, which cause ligand-independent activation
of its tyrosine kinase function and capacity to induce malignant
transformation in vitro (1, 4). Remarkably, the tyrosine kinase inhib-
itor STI1571, which is active against the BCR-ABL fusion protein in
CML, was recently shown to be highly effective in GISTs (5-7). To
better understand the molecular basis of GIST tumorigenesis, we
determined the gene expression profile of GIST, using 13,826-
element cDNA microarrays.
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Materials and Methods

Tumor Samples and Cell Line. We obtained al tumor samples from the
Cooperative Human Tissue Network. GIST samples (Table 1) were all malig-
nant tumors with spindle cell morphology except for sample 11, which had
mixed spindle/epithelioid morphology. DNA was extracted with a Qiagen
Blood and Cell Culture DNA Kit (Qiagen, Vaencia, CA). Total cellular RNA
was isolated from frozen tumor specimens and the reference cell line OsA-CL
(8) by extraction with TRIzol Reagent (Life Technologies, Inc., Gaithersburg,
MD) and was further purified with the RNeasy kit (Qiagen). The osteosarcoma
cell line OsA-CL was grown in RPMI 1640 containing FCS (10%), penicillin
(50 units/ml), and streptomycin (50 wg/ml).

PCR Amplification and Sequencing Analysis. We used PCR to amplify
genomic fragments of exons 9, 11, and 13 of the KIT gene for direct sequenc-
ing. Amplifications typically used 100 ng of genomic DNA in a50-ul reaction,
a hot start, and 35 cycles. Previously described primers were used with M13
tails: CK10.4F and CK11.4R for exon 11, CK9.1F and CK9.3R for exon 9, and
CD13.1F and CD13.2R for exon 13 (9, 10). The PCR products were purified,
by use of a Qiagen PCR purification kit (Qiagen) and the Qiagen BIOROBOT
9600 dual vacuum system. Sequencing reactions of the PCR products were set
up in a 96-well format using the 3700 Big Dye Terminator Chemistry (PE/
Applied Biosystems, Foster City, CA) and placed on an MJ Tetrad. The
sequencing reactions were purified in a 96-well Sephadex G-50 plate (Uni-
versity of Oklahoma Advanced Center for Genome Technology, Norman,
OK), dried, and dissolved/denatured in 10 wul of Hi-Di formamide loading
buffer at 95°C for 3 min. The samples were run on a 3700 DNA Analyzer
(PE/Applied Biosystems).

IHC. We performed IHC with a rabbit polyclona anti-KIT (CD117) anti-
body (A-4502, 1:50 dilution; DAKO Corporation, Carpinteria, CA) on paraf-
fin-embedded tissue sections, using the avidin-biotin-peroxidase complex
method (ABC Kit; Vector Laboratories, Burlingame, CA). To increase spec-
ificity and sensitivity, we used microwave antigen retrieval and an overnight
incubation at 4°C with KIT.

cDNA Microarrays and Image Analysis. The 13,826 human cDNAs
used in this study were obtained under a Cooperative Research and Devel-
opment Agreement with Research Genetics (Huntsville, AL). Gene names
are according to build 138 of the Unigene human sequence collection.*
PCR products generated from these clones were printed onto glass slides as
described previously (11). Microarrays were hybridized and scanned, and
image analysis was performed as described previously (12, 13). Briefly,
fluorescently labeled cDNA was synthesized from ~90 pg of tumor RNA
or ~45 ug of cell line RNA by oligo(dT)-primed polymerization in the
presence of Cy3 or Cy5 dUTP, respectively (Amersham Pharmacia Bio-
tech, Piscataway, NJ). The reference cell line was included in each hybrid-
ization to allow for normalization of each clone’s expression relative to the
reference for each sample. Image analyses were performed with DeArray
software (13).° The two fluorescent images (red and green channels)
obtained constituted the raw data from which differential gene expression
ratio values were calculated. All data were entered into a database, using
Filemaker Pro software.

Statistical Analyses. The hierarchical clustering analyses and the MDS
plot were generated as described previously (14, 15). To filter the data set and
select genes significantly expressed in GISTs, we required the average natural

4 http://www.ncbi.nlm.nih.gov/Uni Gene/build.html.
5 http://www.nhgri.nih.gov/DIR/microarray.
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Table1l Study material

Sample Tumor
Tumor Diagnosis Age (yrs)/Sex characteristics size® (cm) KIT IHCP
1 GISsT 72IF Intra-abdominal 16 +
extension
2 Glst 60/M Intra-abdominal 12.6 +
extension
3 Glst 54/M Intra-abdominal 17 +
extension
4  GIST 72IF Stomach 8.2 +
primary
5 GIST 62/F Intra-abdominal 16.8 +
extension
6 GIST UM Intra-abdominal 5 +
extension
7 GIST 41/F Intra-abdominal 45 +
extension
8 GIST 84/M Stomach 3 +
primary
9 GIsT TUF Rectal primary 7 +
10 GlIsT 41UM Recta primary 10 +
11 GISsT 63/M Stomach 9.5 +
primary
12 GIST 50/M Liver 15 +
metastasis
13 GIST 60/F Intra-abdominal 85 NA
extension
14  Sarcomatoid 67/F Lung 275 -
mesothelioma
15  Spindle cell sarcoma 56/F Lung 11
16  Spindle cell sarcoma 58/F Breast 24 -
17  Spindle cell sarcoma 73IM Back 11 -
18  Spindle cell sarcoma 75/M Thigh 37 -
19  Fibromatosis 38/M Foot 144 -

2 Maximum dimension.
b |mmunohistochemical staining for KIT: +, strong staining; —, no staining; NA, not
available.

logarithm (In) of the relative red (tumor) intensity (16) for the mutation
positive samples to exceed In(1.5) for each clone. The genes were ranked
according to the signal-to-noise ratio, and a weighted list of genes was
generated as follows (17): Let [w.(9),0.(9)] and [_(9),0_(g)] denote the
means and SDs of the natural logarithm of the expression levels (calibrated
ratios) of the gene g in the samples from mutation-positive GISTs and spindle
cell tumors, respectively. The weight for each gene is defined as: w(g, =) =
1 (9) — n_(9)l[o.(9) + o_(9)]. When [w.,.(g) —n_(g)] ispositive, the gene
g ismore highly expressed in the mutation-positive group, whereas when it is
negative, the gene g is more highly expressed in the spindle cell group. A
random permutation test was used to determine whether a gene was signifi-
cantly associated with distinguishing the two classes. We randomly permuted
the labels of the samples 100,000 times and for each gene calculated the
probability « of obtaining a larger weight for a random permutation than for
the separation of the two groups.

Results and Discussion

We identified 13 GISTs with mutations in the KIT gene by direct
sequencing of exons 9, 11, and 13. Twelve cases had 3- to 42-bp
deletions in exon 11, corresponding to amino acid residues Tyr®>® to
Asp®”® of the juxtamembrane domain (Fig. 1). The fina case had a
mutation in exon 9 that was identical to the previously described 6-bp
duplication encoding amino acid residues Ala®®? and Tyr>®® of the
extracellular domain (18). KIT protein expression was confirmed by
IHC with the anti-KIT (CD117) antibody (Fig. 2B and Table 1). For
comparison, we selected a group of six tumors with spindle cell
morphology located outside the digestive tract and negative for KIT
protein expression (Fig. 2A and Table 1).

Cy3-labeled tumor cDNA was hybridized to 13,826-element
cDNA microarrays relative to Cy5-labeled reference cDNA from
the cell line OsA-CL. Expression profiles based on calculated
intensity ratios were obtained for all 19 tumors presented in Table
1. The three-dimensional MDS plot based on overall gene expres-
sion from all analyzed cDNA clones indicated a distinct clustering

of the GIST samples separate from the spindle cell tumors (Fig.
2C). The filter based on the average natural logarithm of relative
red intensity (16) for the mutation-positive samples was set at
=|n(1.5) to select for genes having a significant expression in
GISTs. This requirement yielded a list of 1987 cDNAs (available
on-line at the National Human Genome Research Institute web

KPMYEVQWEKVVEEINGNNYVYIDPTQLPYD
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Fig. 1. Exon 11 KIT mutations in 12 GIST samples. The wild-type (WT) sequence of
the amino acids encoded by exon 11 is shown at the top. The mutated sequences are listed
according to the tumor number, indicated at the left.
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Fig. 2. IHC using anti-KIT antibody. All of the spindle cell sarcomas were negative for
KIT expression, as demonstrated in tumor sample 17 (A; magnification, X 200), whereas
al KIT mutation-positive tumors showed KIT immunoreactivity as demonstrated in tumor
sample 7 (B; magnification, X400). C, MDS plot based on the overall gene expression for
all 19 tumor samples. The similarity of gene expression profiles between any pair of tumor
samples was assessed by Pearson correlation coefficients based on expression levels from
al genes with good measurement quality. The MDS plot, in which orange dots represent
mutation-positive GISTs and blue dots represent spindle cell sarcomas, depicts the
location of each samplein aviewable three-dimensiona space. Samples with similar gene
expression profiles are near each other, separate from other dissimilar groups.
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Fig. 3. Hierarchica clustering dendrogram and gene expres-
sion data from GISTs and spindle cell tumors. The dendrogram
(shown at the top) was generated with the subset of 113 cDNAs
with @ =0.0001 for separation of GISTs and spindle cell tumors.
The ruler shows the Pearson correlation between samples. These
113 elements represent 77 unique cDNA clones from 69 genes.
Gene expression data from the 77 unique cDNA clones are dis-
played. The hierarchical clustering presents the clustered samples
in columns and the clustered genes in rows. A pseudo-colored
representation of gene expression ratios is shown according to the
scale at the bottom.
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site®). These genes were ranked to generate a weighted gene list
(17), and a random permutation test was used to determine how
many top-ranked genes significantly distinguished the two classes.
We used «, the probability of a larger weight for a random
permutation than for separation of GISTs versus spindle cell tu-
mors, to assess the most significant discriminatory genes. We
found 113 cDNAs with « =0.0001. These 113 clones represented
77 unique cDNA sequences from 69 different genes (Fig. 3).

1 =5

The most highly ranked gene on the discriminator list was KIT
itself, which was highly expressed in every GIST studied (Fig. 3),
and it might be expected that other genes related to KIT function
will also be highly expressed. Similarly, given the pacemaker
activity of the ICC, one would expect a tumor arising from these
cellsto express genes related to their electrophysiological function,
i.e., ion channels, receptors, and signal transduction molecules. For
example, we found that the genes encoding the signaling molecul es
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G-protein-coupled receptor 20 (GPR20) and protein kinase C 6
(PRKCQ) were highly expressed in GISTsand clustered tightly with KIT.
Both G-protein-coupled receptors and protein kinase C are suggested as
mediators of tyrosine kinase function (19), which suggests a possible
relationship of PRKCQ and GPR20 to the KIT pathway. Genes encoding
ion channels that were highly expressed in GISTsincluded the potassium
channel genes KCNK3 and KCNH2. We also detected expression of the
gene encoding secretogranin |1 (SCG2), the precursor of the neuropeptide
secretoneurin, which is suggested to have arole in modulation of gastro-
intestina motility (20). We believe that these observations together sup-
port the hypothesis that GISTs originate from a stem cell with the ability
to differentiate toward an ICC phenotype (3, 4). We aso found uniform
and high expression of the gene encoding tumor necrosis factor receptor
subfamily 6b (TNFRSF6B), also known as DcR3 or M68, which recently
was shown to be overexpressed in gastrointesting adenocarcinomas (21).

Traditional immunohistochemical staining patterns of GISTs
show CD34 positivity in ~70% of the tumors, which helps narrow
the differential diagnosis of GIST from other mesenchymal tumors
(1, 3). Our cDNA array data showed high expression of CD34
MRNA in 9 of our 13 studied tumors (data not shown), a proportion
in total agreement with previous observations. The CD34 gene was
the 376th discriminator on our weighted list (weight, 0.9; «
~0.008).°

One striking observation is the remarkable consistency of the
gene expression pattern within the GIST group. When we applied
hierarchical clustering (14, 15) based on the 1987 cDNAs as
described above, all GIST samples were placed into one branch,
with a Pearson correlation >0.84. The Pearson correlation in-
creased to >0.91, asillustrated by the dendrogram in Fig. 3, when
we applied a hierarchical clustering analysis using the subset of
113 cDNAs with @ =0.0001. The extremely high correlation
between different tumor samples contrasts with that observed in
the more common epithelial cancers (22—24). This observation is
consistent with a model for the pathogenesis of GIST based on the
expansion of an ICC clone with an activating mutation in KIT (4),
but without the extreme genetic instability commonly seen in
epithelial cancers.

A recent report showed a remarkable effect of the tyrosine
kinase inhibitor STI571 in a patient with GIST and multiple
intra-abdominal, mesenteric, and liver tumors (7). This drug was
recently approved for the treatment of CML, where it acts through
inhibition of the BCR-ABL tyrosine kinase characteristic of CML
(5, 6). GIST is defined by its KIT protein overexpression, which
frequently is accompanied by activating mutations (1). The re-
ported effectiveness of STI571 also in a case with advanced
(mutation-positive) GIST (7) suggests that the uncontrolled cell
growth in GIST is primarily driven by its KIT overexpression. Like
chronic phase CML, GIST may represent clonal expansion of a
progenitor cell that has acquired an activating kinase mutation and
relatively few additional genetic changes. The great similarity in
gene expression pattern among our GIST samples is consistent
with this concept. Previous reports have shown that GISTs fre-
quently can acquire specific secondary genetic changes, especially
loss of chromosomes 14q and 22q (25-27). The effects of these
changes on gene expression and clinical behavior have not been
fully elucidated, and further studies are needed to address these
questions. Because our sample set primarily included large tumors
with an aggressive clinical behavior, it is possible that very small
tumors or benign GISTs differ in their gene expression patterns.
Nonetheless, our data suggest that mutation-positive GI STs display
a uniform expression profile consistent with a relatively simple
pattern of genetic alterations. These observations lead us to believe
that STI571 may be active in a high proportion of KIT mutation-

positive GISTs. Our gene expression data are also consistent with
the clinical behavior of GIST, which is aimost invariably confined
to the abdomen without distant metastases (1), and may bode well
for a high rate of response to STI571.
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